Abstract Purpose: X-ray therapy (XRT) remains one of the major modalities used to treat patients diagnosed with locally advanced pancreatic adenocarcinoma. However, the effect of XRT on metastatic tumors outside the field of irradiation (abscopal effect) remains largely unknown. In the current study, we examined the effect of XRT alone and in combination with capecitabine and/or celecoxib in both irradiated and lead-shielded contralateral BxPC-3 pancreatic cancer xenografts. This chemoradiation regimen was chosen based on our molecular analysis of pancreatic adenocarcinoma. Experimental Design: Athymic mice were injected bilaterally with BxPC-3 cells and treatment was initiated 28 days postimplant. During XRT (2 Gy for 5 consecutive days, administered on days 0 and 24), one flank was irradiated whereas the rest of the body (including the contralateral tumor) was lead shielded. Capecitabine (350 mg/kg) was administered on days 0 to 13 and 24 to 37. Celecoxib was initiated in the diet at 100 ppm (equivalent to 20 mg/kg/d p.o.) and administered throughout the study. Results: In irradiated xenografts, capecitabine and XRT showed synergistic anitiumor efficacy (P = 0.008), which was further improved with the addition of celecoxib (P < 0.001). In contralateral shielded xenografts, abscopal effects were observed. Whereas monotherapy with XRT showed significant reduction in tumor area in irradiated xenografts, growth was promoted by 23% (P < 0.001) in contralateral lead-shielded tumors in the same animals relative to untreated tumors. Interestingly, synergistic antiproliferative efficacy occurred in these contralateral tumors when capecitabine was administered (P < 0.001), despite being outside the irradiated field. The addition of celecoxib further inhibited tumor growth (P < 0.001). This trimodal combination most effectively stabilized disease in both shielded and irradiated tumors; however, tumor eradication was not observed. There were no significant changes in thymidine phosphorylase, dihydropyrimidine dehydrogenase, or cyclooxygenase-2 mRNA levels in irradiated or lead-shielded tumors, suggesting that efficacy cannot be predicted solely from these previously identified indicators of response. Immunohistochemistry examining the proliferation marker Ki-67 showed concordance with tumor response in both irradiated and contralateral shielded xenografts. Conclusions:These results have implications in the rational design of treatment paradigms for pancreatic cancer where metastatic disease remains the primary cause of patient morbidity and abscopal effects in tumors outside the field of irradiation may affect tumor response.
Pancreatic cancer, the fourth leading cause of cancer mortality in the United States (1, 2) , is characterized by an unusual resistance to both radiation [X-ray therapy (XRT)] and chemotherapy. Despite highly aggressive therapeutic approaches, the overall median survival of 3 to 5 months and a 5-year survival rate of 0.4% to 3% have not appreciably changed in the last 80 years (3) . Surgery remains the most effective treatment for pancreatic adenocarcinoma, the most common and malignant type of pancreatic cancer. However, only 10% to 15% of patients have tumors suitable for resection, and 30% to 70% of these patients will have local recurrences (4, 5) . At the time of diagnosis, most patients have locally advanced or metastatic disease with involvement of the peritoneum, liver, lungs, or lymph nodes. Chemoradiotherapy with either 5-fluorouracil (5-FU; ref. 6) or, more recently, gemcitabine (7, 8) , has become the most commonly used treatment modality. The current approach using XRT is to reduce the amount of toxicity to adjacent tissues by focusing treatment to the primary tumor area, the area of residual tumor, or the site of tumor excision (involved fields or intensity-modulated radiation therapy). However, the effect of localized XRT on metastatic tumors outside the irradiated field (abscopal effects), particularly in combination with chemotherapy, remains to be elucidated.
The term ''abscopal'' was first introduced by Mole (9) in 1953 to describe the effects of localized XRT on distant tissue that is outside the field of radiation absorption. It should be clarified that this phenomenon does not refer to bystander effects, mediated by gap-junction intracellular communication (10) , but refers to radiation responses seen in areas separate from the irradiated tissue, mediated by the secretion of soluble factors from irradiated cells. Elucidation of the precise molecular components and mechanisms responsible for such abscopal effects remains an active area of investigation that is further complicated by conflicting reports of either proliferative or antitumor effects in cells outside the field of irradiation (11 -16) . Whereas antiproliferative abscopal effects have been attributed to circulating lymphocytes, cytokines, or immune mediators, proliferative effects have been suggested to occur via activation of matrix metalloproteinases and growth factors (11, 12, (14) (15) (16) (17) . In addition, although abscopal effects have been reported in a variety of malignancies, including lymphoma, papillary adenocarcinoma, melanoma, adenocarcinoma of the esophagus, chronic lymphocytic leukemia, and hepatocellular carcinoma, there have been surprisingly few studies in advanced pancreatic adenocarcinoma, where chemoradiotherapy is often used and progression of metastatic disease is widespread.
Previous studies by our laboratory examining the correlation between drug-metabolizing enzymes and potential efficacy to fluoropyrimidine chemotherapy in combination with radiation therapy showed abscopal effects in contralateral lead-shielded xenografts (18) . These studies, combined with tumor tissue analysis suggesting response to capecitabine based on the expression of the indicators of response thymidine phosphorylase and dihydropyrimidine dehydrogenase, provided the rationale for two phase I clinical trials at our institution examining concurrent administration of capecitabine and XRT for the treatment of both glioblastoma multiforme and pancreatic adenocarcinoma (19, 20) .
In the current study, we examine the effect of XRT alone and in combination with capecitabine and/or celecoxib in both irradiated and lead-shielded contralateral BxPC-3 xenografts. This model, consisting of animals containing both an irradiated and a distant tumor outside the field of irradiation, was used to represent metastatic disease. The addition of celecoxib was chosen based on our preliminary molecular analysis of surgically resected pancreatic adenocarcinoma biopsies demonstrating cyclooxygenase-2 (COX-2) overexpression, a marker of tumor progression and invasion. Taken collectively with previous studies demonstrating the abscopal effects of XRT, the radiosensitizing properties of 5-FU in pancreatic cancer (21) , a selective increase of thymidine phosphorylase levels following XRT (18, 22) , and the potential benefits of COX-2 inhibition (23), our examination of this trimodal regimen may be potentially useful in establishing future treatment paradigms for pancreatic cancer.
Materials and Methods
Tissue preparation. Following an Institutional Review Boardapproved protocol, primary pancreatic ductal adenocarcinoma (n = 5) and uninvolved (normal) pancreatic tissues (n = 5) were obtained from cancer patients undergoing surgical resection. Tissues to be used for RNA extraction were snap frozen in liquid nitrogen and stored at À80jC. Before RNA extraction, a 5 Am section was obtained from frozen tissue that had been fixed and paraffin embedded; it was then stained with H&E so that it could be examined by a pathologist to confirm a diagnosis.
RNA extraction. Total RNA was isolated using the Qiagen RNA Purification kit following instructions of the manufacturer (Qiagen, Valencia, CA). All sample concentrations were determined spectrophotometrically at A 260 and diluted to a final concentration of 20 ng/AL in RNase-free water containing 12.5 ng/AL of total yeast RNA (Ambion, Austin, TX) as a carrier.
Real-time quantitative PCR. Expression levels were determined using an ABI 7900 Sequence Detection System as previously described by our laboratory (24, 25) . The real-time quantitative PCR primers were as follows: human thymidine phosphorylase forward (5V -TCCTGCGG-ACGGAATCC-3V ), reverse (5V -TGAGAATGGAGGCTGTGATGAG-3V ), and fluorophore-labeled probe (FAM-CAGCCAGAGATGTGACAGC-CACCGT-TAMRA); COX-2 forward (5V -GAATCATTCACCAGG-CAAATTG-3V ), reverse (5V -TCTGTACTGCGGGTGGAACA-3V ), and probe (FAM-TGGCAGGGTTGCTGGTGGTAGGA-TAMRA). The sequence for the primers and probes for human dihydropyrimidine dehydrogenase and S9 ribosomal have been previously described (18, 25) . Expression levels were calculated using the relative standard curve method (24, 25) . All reactions were run in triplicate and standard curves with correlation coefficients falling below 0.98 were repeated. Control reactions confirmed that no amplification occurred when yeast total RNA was used as a template or when no-template-control reactions were done.
Immunohistochemistry. Thymidine phosphorylase protein levels were evaluated in pancreatic adenocarcinoma, uninvolved pancreas, colorectal carcinoma, and normal mucosa by immunohistochemistry using the Antithymidine Phosphorylase Antibody, Formalin-Grade kits according to the instructions of the manufacturer (Roche Diagnostics, Mannheim, Germany). Briefly, 5 Am sections were deparaffinized and rehydrated before undergoing antigen retrieval by steaming for 5 minutes. Sections were blocked with 20% normal goat serum for 20 minutes before overnight incubation at 4jC with thymidine phosphorylase antibody/antiserum at a dilution of 1:100. Secondary Envision+ peroxidase antibody (DAKO, Inc., Glostrup, Denmark), specifically antimouse for thymidine phosphorylase, was added to the sections for 30 minutes before color development with liquid diaminobenzidine tetrachloride (DAKO) for 20 minutes and counterstaining with Mayer's hematoxylin. Between each incubation step, sections were washed twice with 1Â PBS for 5 minutes. A negative control section without the addition of thymidine phosphorylasespecific antibody was included for each case. Immunostains were assessed based on their intensity.
Ki-67 immunohistochemistry in BxPC-3 xenografts on day 50. We determined the proliferation index of both irradiated and shielded xenograft samples immunohistochemially, by analyzing the expression of Ki-67 as previously described (26 -28) . Briefly, 5-Am-thick tissue sections were obtained from formalin-fixed, paraffin-embedded tissue and placed on SuperFrost/Plus slides (Fisher Scientific, Norcross, GA), deparaffinized in xylene, and subsequently rehydrated in graded ethanol. Antigen retrieval was then done by steaming for 5 minutes in a 0.01 mol/L EDTA (pH 8) solution. The sections were then transferred to a Tris-buffer bath [0.05 mol/LTris base, 0.15 mol/L NaCl, and 0.01% Triton X-100 (pH 7.6)]. Each section was treated with an aqueous solution of 3% H 2 O 2 for 5 minutes to quench endogenous peroxidase activity. Sections were then incubated with 3% goat serum at room temperature for 20 minutes to reduce nonspecific immunostaining. The primary antibody used was an anti Ki-67 rabbit monoclonal antibody (clone: SP6, LabVision Co., Fremont, CA, dilution: 1:400). Negative controls were done by omitting the primary antibodies. Sections from tonsils served as positive controls. Secondary detection was accomplished using the USA-Ultra Streptavidin Detection System (Signet, Inc., Dedham, MA). The sections were exposed to a biotinylated antirabbit antibody for 20 minutes and a peroxidase-conjugated streptavidin was added for 20 minutes. A diaminobenzidine tetrachloride (BioGenex, San Ramon, CA) chromogen was used to visualize the antibody-antigen complex. Each section was then counterstained using hematoxylin, dehydrated using graded alcohols, and soaked in xylene before coverslipping. The slides were examined by a pathologist (D.C. Chhieng). Positive staining was defined as the presence of nuclear staining regardless of intensity. The proportion of tumor cells that showed nuclear staining was estimated as a percentage of total tumor cells.
Cell culture. BxPC-3 pancreatic carcinoma cells (purchased from the American Type Culture Collection, Manassas, VA) were maintained in stationary monolayer cultures at 37jC and 5% CO 2 in a humidified atmosphere using RPMI supplemented with 10% heatinactivated fetal bovine serum and 2.6 mmol/L L-glutamine. The BxPC-3 cell line was used due to its high expression of COX-2 (29) . All cell cultures were maintained in antibiotic-free conditions and regularly checked for Mycoplasma contamination using a PCR-based kit (American Type Culture Collection). Near-confluent (75%) monolayers of cells were harvested by brief exposure to 0.05% trypsin/0.53 mmol/L EDTA (Life Technologies, Gaithersburg, MD). Harvested cells were pelleted (200 Â g, 8 minutes at ambient temperature) in complete medium and resuspended in serum-free medium. Viable cells were counted using a Neubauer hemacytometer and trypan blue (0.4%) exclusion.
Pancreatic cancer xenograft preparation and irradiation. Athymic, nude NCr mice (nu/nu) were subcutaneously injected, bilaterally into hind flanks with a suspension of 1 Â 10 7 BxPC-3 pancreatic cancer cells (Fig. 1 ). Tumors were allowed to develop between 35 and 40 mm 2 in size (28 days postinjection). Tumor surface area was determined with vernier calipers by multiplying the length of the tumors by their width and tumor growth was monitored twice per week. Mice were randomized into control and treatment groups with each group containing 12 to 15 mice. One of the pancreatic tumor-bearing flanks of the treated group was irradiated, whereas the rest of the mouse (including the liver and the tumor in the contralateral flank) was lead shielded (illustrated in Fig. 1 ). XRT was carried out using a 60 Co teletherapy X-ray unit (Picker, Cleveland, OH) and was administered (2 Gy for 5 consecutive days) on day 0 (start of treatment day, which occurred 28 days after cell injection) and day 24. Mice in control groups were anesthetized with ketamine/ zyloxine but were not irradiated. Capecitabine (Xeloda, Hoffmann-La Roche, Inc., Nutley, NJ) was dissolved in 40 mmol/L citrate buffer (pH 6.0)/5% gum Arabic and administered by gavage at a dose of 350 mg/kg for 14 consecutive days (days 0-13), followed by 10 days of rest before administration of the second, 14-day treatment cycle (days 24-37). Celecoxib (Celebrex, Pfizer, New York, NY) was incorporated in the diet at 100 ppm (equivalent to 20 mg/kg/d p.o.); feed was weighed daily and continuously administered throughout the duration of the 50-day study. Mice were sacrificed at various time points (0, 4, 12, 24, 32, 45, and 50 days) throughout the study for tissue analysis (gene expression and immunohistochemistry).
Statistical analysis. To evaluate differences in gene expression between normal and tumor tissues, paired t tests were done where a was set at 0.05. The tumor growth curve data were analyzed by a loglinear mixed model approach on repeated measures ANOVA, using the MIXED procedure in SASR (30, 31) . To determine if any combination therapy arms produced significant synergistic inhibition of tumor growth (i.e., more than additive), the tumor growth curves from the serial area (log) measurements were compared using a two-way repeated measures analysis. To test for synergistic effects of the combination therapies, an interaction term was included in the model. If the interaction term was significant and the effect was inhibition of growth at a rate greater than additive, then the interaction was considered synergistic. The mean tumor tripling times were analyzed using the Kruskal-Wallis test and Fisher's exact test was used to compare the proportions of tumor size decrease.
Results
Quantitation of thymidine phosphorylase, dihydropyrimidine dehydrogenase, and cyclooxygenase-2 expression in pancreatic adenocarcinoma and normal pancreatic tissues. As shown in Fig. 2 , thymidine phosphorylase expression is f7.5-fold higher in pancreatic adenocarcinoma (mean = 41.7; SE = 8) compared with normal pancreatic tissue (mean = 5.5; SE = 1.5) with a mean difference of 36.2. These differences were statistically significant (P < 0.05). There was no statistically significant difference in dihydropyrimidine dehydrogenase levels between normal (mean = 12.5; SE = 5) and tumor tissue samples (mean = 10; SE = 3.5) with a mean difference of 2.6 (P > 0.05). The average thymidine phosphorylase/dihydropyrimidine dehydrogenase ratio shown in pancreatic adenocarcinoma (4.2) is f9.4-fold higher than that of normal pancreatic tissue (0.4). The higher ratio in pancreatic adenocarcinoma was primarily due to higher expression of thymidine phosphorylase compared with normal pancreas (P < 0.05). COX-2 mRNA levels in pancreatic adenocarcinoma (mean = 22.2; SE = 11.9) were >100-fold higher compared with normal pancreas (mean = 0.2; Fig. 1 . Schematic of mouse xenograft location(s) and irradiation. One of the two flanks containing a BxPC-3 xenograft was irradiated (circled), whereas the contralateral flank (containing the other BxPC-3 xenograft) as well as the body of the mouse was lead shielded. SE = 0.1), with a mean difference of 22 (P < 0.05). Greater range in COX-2 expression in tumor tissue relative to normal tissue was also observed.
Immunohistochemistry of pancreatic adenocarcinoma, uninvolved pancreas, colorectal carcinoma, and normal mucosa. To determine whether the increased thymidine phosphorylase mRNA levels in pancreatic adenocarcinoma correlated with protein levels, immunohistochemistry was done on pancreatic adenocarcinoma and uninvolved pancreas. Because capecitabine is approved for colorectal carcinoma and previous studies have suggested that thymidine phosphorylase up-regulation in several gastrointestinal malignancies (including colorectal carcinoma) is mainly attributed to the stromal compartment, immunohistochemistry was also done in colorectal carcinoma and normal mucosa as a reference for comparison to pancreatic adenocarcinoma. As shown in Fig. 3 , thymidine phosphorylase staining in uninvolved pancreatic tissue (Fig. 3A) showed few areas of faint staining, predominantly in the cytoplasm of the acinic cells and focally in the cytoplasm of the ductal cells. Scattered staining of thymidine phosphorylase can also be observed in the surrounding stroma. In Fig. 3B (pancreatic  adenocarcinoma) , however, strong thymidine phosphorylasespecific immunoreactivity is observed in the neoplastic ducts of a well-differentiated pancreatic ductal carcinoma. Although stromal cells also showed faint and scattered staining of thymidine phosphorylase, in pancreatic adenocarcinoma (Fig. 3B) , intense and diffuse cytoplasmic staining is observed in the ductal adenocarcinoma cells. Figure 3C (bottom left) shows thymidine phosphorylase staining in normal mucosa relative to colorectal carcinoma (D). In the normal mucosa (C), thymidine phosphorylase expression is noted predominantly in the stroma. In contrast to pancreatic tissue, no staining is noted in the colonic crypts here. Figure 3D shows thymidine phosphorylase staining in colorectal carcinoma. Several gastrointestinal malignancies, such as colorectal carcinoma (D), and unlike pancreatic adenocarcinoma (B), show thymidine phosphorylase expression that is predominantly localized to the stroma (as confirmed here). In addition, colorectal carcinoma shows very weak cytoplasmic staining in the neoplastic glands (thymidine phosphorylase stain, Â100 for all samples).
BxPC-3 tumor xenografts. As illustrated in Fig. 1 , athymic NCr mice were s.c. injected with BxPC-3 pancreatic cancer cells in both hind flanks and allowed to develop tumors. To represent metastatic disease, one of the tumor-bearing flanks of the treated groups was irradiated, whereas the rest of the mouse (including the contralateral tumor) was lead shielded. Fig. 2 . Expression of thymidine phosphorylase (TP), dihydropyrimidine dehydrogenase (DPD), and COX-2 mRNA in uninvolved pancreatic tissue (N) and pancreatic adenocarcinoma (T). Thymidine phosphorylase expression is 7.5-fold higher in pancreatic adenocarcinoma (n) compared with normal pancreas (.). There was no significant difference in dihydropyrimidine dehydrogenase expression levels in the same tissue samples. The average thymidine phosphorylase/ dihydropyrimidine dehydrogenase ratio shown in pancreatic adenocarcinoma is f9.4-fold higher than that of normal pancreas and is primarily due to thymidine phosphorylase overexpression. This profile should result in selective conversion of capecitabine (into 5-FU) in tumor compared with normal pancreatic tissues. COX-2 expression is over 100-fold higher in pancreatic adenocarcinoma compared with normal pancreatic tissue. Fig. 3 . Immunohistochemical localization of thymidine phosphorylase in pancreatic adenocarcinoma, colorectal carcinoma, and corresponding uninvolved tissues. A, uninvolved pancreatic tissue.Thymidine phosphorylase expression is noted predominantly in the cytoplasm of the acinic and ductal cells as well as scattered staining in the surrounding stroma. B, pancreatic ductal carcinoma (PAC). Diffuse and intense cytoplasmic thymidine phosphorylase staining is observed in the neoplastic ducts. Scattered staining of thymidine phosphorylase is also noted in the surrounding stroma. C, thymidine phosphorylase staining in normal colonic mucosa. Thymidine phosphorylase expression is noted predominantly in the stroma. In contrast to pancreatic tissue, no staining is noted in the colonic crypts. D, colonic carcinoma (CRC) tissue. Intense thymidine phosphorylase expression is noted in the surrounding stroma with very weak cytoplasmic staining in the neoplastic glands (thymidine phosphorylase stain magnification, Â100 for all samples). Figure 4 shows the results of treatment with capecitabine, XRT, and/or celecoxib alone and in combination on tumor surface area in both irradiated (A) and lead shielded, contralateral xenografts (B).
Irradiated tumors. As shown in Fig. 4A , untreated tumors showed tripling times of f20 days. In these xenografts, monotherapy suggested that XRT was the most effective treatment, followed by celecoxib, and capecitabine with tripling times of 44, 36, and 28 days, respectively. However, only XRT achieved statistically significant differences from untreated controls (P < 0.05) with 33% of the mice responding to treatment. The combination of celecoxib and XRT produced an additive and statistically significant inhibition of tumor growth (P < 0.05; 33% response). However, the combination of capecitabine and XRT produced a synergistic inhibition of tumor growth (P = 0.008; 75% response), which was further improved with the addition of celecoxib (P < 0.001; 92% of mice responding). As shown in Fig. 4A , combination (both dual and trimodal) therapy prevented tumors from tripling and, therefore, tumor surface area was used to determine response. The celecoxib-XRT and the capecitabine-XRT combinations produced maximal reductions in tumor area (set at 100% at the start of treatment) to 94% and 82%, respectively. However, the trimodal combination of XRT-capecitabinecelecoxib was the most effective regimen (Fig. 4A) , maximally decreasing tumor area to 73% of the original size (P < 0.001).
Contralateral, lead-shielded tumors (abscopal effects). In this model, lead-shielded tumors were also evaluated to determine whether abscopal effects of XRT occurred. As shown in Fig. 4B , untreated contralateral tumors showed tripling times of f27 days. The differences in tripling times between untreated tumors (20 days on one side versus 27 days on the contralateral side) were not statistically significant (P > 0.05). Monotherapy with either celecoxib or capecitabine did not show significant differences from untreated tumors (P > 0.05). Independently, capecitabine and celecoxib showed tripling times of 41 and 36 days, respectively (17% and 14% of the mice responding to treatment, respectively), compared with 27 days for untreated tumors (P > 0.05). However, whereas monotherapy with XRT showed significant antitumor effects in irradiated xenografts, in lead-shielded contralateral tumors, proliferative abscopal effects were observed. Specifically, contralateral XRT significantly promoted growth by 23% (compared with untreated tumors) in these shielded tumors outside the irradiated field (P < 0.001). Surprisingly, when capecitabine was included with distant, contralateral XRT (which was not directly administered to these tumors but rather, to the contralateral flanks only), these lead-shielded tumors also showed a significant synergistic inhibition of growth as evaluated by early growth curve analysis (P < 0.001; 58% response). As with irradiated xenografts, the addition of celecoxib further inhibited tumor growth (P < 0.001), making this the most effective regimen evaluated with 83% of the mice responding to this treatment regimen. Direct comparison using statistical analysis between the trimodal combination therapy and the bimodal combinations revealed that the triple therapy had significantly reduced tumor growth (P < 0.001). Further, the tumor growth inhibition was sustained, preventing tumor growth up to day 50 despite these tumors not having received direct irradiation. However, no eradication of tumor was observed for any of the mice (including those receiving the trimodal combination, whether they were shielded or directly irradiated).
In a separate experiment, concurrent treatment with capecitabine and celecoxib (no XRT) showed additive antiproliferative efficacy and suggest the synergy observed in both irradiated and contralateral shielded xenografts with concurrent administration of capecitabine + celecoxib cannot be attributed to the capecitabine-celecoxib combination.
Proliferation index of BxPC-3 xenografts as measured by Ki-67 expression. The effect of treatment on proliferation was evaluated by determining Ki-67 expression in xenografts harvested on day 50 using immunohistochemistry. The proliferation index is expressed as a percentage of positive nuclear staining (with Ki-67) in tumor cells. As shown in Fig. 5A and D, untreated xenografts showed f50% and 40% positive staining for Ki-67. In irradiated xenografts (Fig. 5B) , there was no significant change in Ki-67 compared with untreated groups (Fig. 5A and D) with f35% of the tumor cells staining positive. However, in lead-shielded xenografts in the same animals, where an abscopal proliferative effect was observed in vivo (see Fig. 4B ), f70% of the tumor cells expressed Ki-67 (Fig. 5E ). For both irradiated (Fig. 5C ) and lead-shielded xenografts (Fig. 5F ), trimodal combination (capecitabine-XRT, or capecitabine-contralateral XRT and celecoxib) caused an appreciable reduction in Ki-67 expression with only 10% and 17% of the tumor cells demonstrating positive Ki-67 staining.
Quantitation of thymidine phosphorylase, dihydropyrimidine dehydrogenase, and cyclooxygenase-2 mRNA in BxPC-3 xenografts. Thymidine phosphorylase and dihydropyrimidine dehydrogenase mRNA levels did not change significantly in any of the treatment groups, including XRT (P > 0.05), for either irradiated or lead-shielded tumors (data not shown). COX-2 mRNA was also not significantly affected by XRT or capecitabine (P > 0.05); however, celecoxib administration to dual combination therapy showed a trend in decreased COX-2 expression of 2-fold, which was not statistically significant (data not shown; P > 0.05).
Discussion
Pancreatic cancer remains one of the most lethal gastrointestinal tumors with an average survival of only 4 to 6 months and an overall 5-year survival of <10% (1, 3) . Despite improved endoscopic diagnostic methods (32) and aggressive treatment regimens, only small incremental improvements in overall survival have been achieved (3). This failure to develop an effective treatment for pancreatic adenocarcinoma combined with recent advances in our ability to perform molecular analysis in biopsy-sized tissue samples has provided the impetus to design novel treatment regimens based on the molecular profile of the tumor.
Previous studies in human colon and breast cancer xenograft models have suggested that expression of thymidine phosphorylase and dihydropyrimidine dehydrogenase can be used to assess response to capecitabine (a recently introduced orally administered fluoropyrimidine prodrug that mimics continuous infusional 5-FU; ref. 33 ). Increased thymidine phosphorylase (the final and rate-limiting metabolic step in the conversion of capecitabine into 5-FU) has been shown to result in higher intratumoral levels of 5-FU (34, 35) . Preclinical studies have also shown synergistic antitumor efficacy with concomitant administration of capecitabine and XRT (22) . The molecular basis for synergy has been attributed to an induction of thymidine phosphorylase following XRT. Previous studies by our laboratory showed increased thymidine phosphorylase expression in both irradiated and distant, contralateral leadshielded xenografts (18) . Collectively, these data offer the exciting possibility that metastatic or micrometastatic tumors outside the field of irradiation could become more sensitive to capecitabine (via abscopal effects). In the current study, the antitumor efficacy of XRT alone and in combination with capecitabine and/or celecoxib was examined in both irradiated and lead-shielded, contralateral BxPC-3 pancreatic cancer xenografts.
Initial studies examining pancreatic adenocarcinoma biopsies showed statistically significant overexpression of thymidine phosphorylase and COX-2 in tumor compared with uninvolved pancreas (Fig. 2; ref. 36 ). There were no D) showed Ki-67 staining in f50% and 40% of the tumor cells, respectively. In irradiated tumors (B), 35% of the cells expressed Ki-67 similar to untreated controls. In tumors receiving the trimodal combination (capecitabine, XRT, and celecoxib), proliferation was dramatically reduced (C) where only 10% of the cells stained positive for Ki-67. In shielded, contralateral tumors, 70% of the cells stained positive for Ki-67 proliferation marker (E). In shielded tumors receiving contralateral XRT-capecitabine and celecoxib, only 17% of the cells showed Ki-67 expression (F), despite these tumors being outside the irradiation field (Â100 magnification for all samples). significant differences in dihydropyrimidine dehydrogenase expression (Fig. 2) . Concordance between elevated thymidine phosphorylase mRNA and protein levels was confirmed by immunohistochemistry, which showed that thymidine phosphorylase protein was localized to the ductal tumor cells in pancreatic adenocarcinoma (Fig. 3) . This is in contrast to colorectal carcinoma (a cancer type for which capecitabine is approved for), where thymidine phosphorylase is mainly localized to the stroma (Fig. 3D ). Based on previous pharmacokinetic studies, this distribution of thymidine phosphorylase and dihydropyrimidine dehydrogenase in pancreatic adenocarcinoma should result in selective intratumoral activation of capecitabine into 5-FU (elevated thymidine phosphorylase), whereas 5-FU clearance from tumor and normal tissues should be similar (equivalent dihydropyrimidine dehydrogenase levels; refs. 22, 34, 37) . Further, localization of thymidine phosphorylase to the pancreatic adenocarcinoma tumor cells suggests that capecitabine would be more suitable for pancreatic adenocarcinoma than colorectal carcinoma in targeting the tumor cells. Collectively, these data provided the rationale for examining a multimodality treatment regimen in a preclinical animal model using capecitabine, XRT, and celecoxib. Results obtained from this study were used in the design of an ongoing phase I clinical trial examining concurrent administration of capecitabine with XRT in locally advanced pancreatic adenocarcinoma patients (20) .
The xenograft model used in this study (with each animal containing contralateral tumors), although limited in that it is not truly a metastatic model, was designed to represent metastatic, and/or micrometastatic disease in humans where the ''primary'' tumor is irradiated and the ''secondary'' tumor remains outside the field of XRT ( Fig. 1; ref. 18 ).
To better represent metastasis, orthotopic xenograft mouse models (using cell lines that metastasize from the primary site of injection) could be used as valuable tools for improving our understanding of metastatic disease. Nevertheless, our model provided useful information on the effects of XRT on distant tumors shielded from direct XRT. In irradiated xenografts, monotherapy suggested XRT was the most effective treatment, followed by celecoxib and capecitabine. However, only XRT achieved statistically significant differences from untreated controls (Fig. 4) . The combination of capecitabine and XRT showed synergistic antiproliferative efficacy that was further improved with the addition of celecoxib (Fig. 4) . This trimodal combination showed the greatest antiproliferative efficacy by preventing tumor growth throughout the duration of the study (stabilizing the disease), and, in fact, maximally decreasing tumor size by 27% (Fig. 4A) . The single, dual, and trimodal therapy combinations used in this study showed low toxicity with no animal deaths or significant changes in body weight (>10% from baseline) throughout the duration of the experiment. However, none of these combinations was able to completely eradicate the tumors. Interestingly, in subsequent studies using tunnel immunohistochemistry to determine apoptosis, although slightly greater apoptosis was observed with the addition of celecoxib, this effect was not significantly different from untreated tumors. Ideally, prostaglandin E 2 levels should have been evaluated to determine the effects of celecoxib inhibition of COX-2 activity in every mouse receiving celecoxib therapy (38) .
Interestingly, abscopal effects were observed in lead-shielded contralateral tumors in the same animals. Monotherapy with XRT showed proliferative effects (increasing tumor size by 23%) in lead-shielded tumors outside the field of irradiation (Fig. 4B) . Although XRT is not typically administered as monotherapy, these results may explain the basis for a previous clinical study, which suggested that the median survival time for pancreatic adenocarcinoma patients with distant metastasis who were treated with intraoperative radiotherapy is shorter than that of the control group (39). Of particular interest, when capecitabine is introduced, contralateral XRT shows synergistic, antiproliferative efficacy, despite these xenografts being outside the irradiated field. Furthermore, the combination of capecitabine-contralateral XRT was nearly (but not quite) as effective as the capecitabine-XRT combination evaluated in irradiated xenografts (Fig. 4A) and was also improved with the addition of celecoxib (Fig. 4B) . It is noteworthy that although capecitabine-XRT was better than celecoxib-XRT in irradiated tumors, in shielded tumors, capecitabine-XRT had nearly the same antiproliferative effect as celecoxib-XRT. It is known that XRT induces certain inflammatory cytokines, which, in turn, can up-regulate COX-2 expression (40) . Previous reports have shown that COX-2 is inducible, particularly during inflammatory states involving cytokines (41, 42) . However, these differences were not statistically significant, and, further, we did not see COX-2 mRNA up-regulation in these xenografts. COX-2 protein levels would need to be examined to determine whether increased COX-2 protein may be a reason for the differences of celecoxib-XRT between irradiated and shielded tumors.
Immunohistochemical analyses of Ki-67 expression showed concordance with tumor area results, where, as a result of abscopal XRT, significantly higher expression was observed in contralateral shielded tumors compared with untreated BxPC-3 xenografts (Fig. 5 ). Irradiated and contralateral shielded tumors receiving the trimodal combination showed the lowest Ki-67 expression (Fig. 5) . These results may have significant clinical implications in the rational design of treatment regimens for pancreatic cancer where XRT is used in patients with metastatic tumors outside the field of irradiation. Surprisingly, the synergism observed with capecitabine and concomitant XRT could not be attributed to elevated thymidine phosphorylase levels in either irradiated or contralateral shielded xenografts. A recent study examining thymidine phosphorylase levels before and after XRT in endoscopic biopsies obtained from patients with locally advanced pancreatic adenocarcinoma also showed no significant induction of thymidine phosphorylase secondary to XRT (20) . Similar results were recently reported in cervical squamous cell carcinoma (43) . Collectively, these data suggest that the increased thymidine phosphorylase expression observed following XRT in some tumor types (breast, colorectal, and glioma; ref. 22 ) may be cell specific. Further, additional genes that have been associated with response to fluoropyrimidine therapy (including orotate phosphoribosyl transferase and thymidylate synthase) may need to be examined to clarify the synergistic antiproliferative efficacy of capecitabine and XRT (44 -48) . Recent advances in the ability to quantify gene expression levels (real-time, low-density array analysis) will allow the simultaneous examination of all known anabolic and catabolic enzymes involved in the metabolism of fluoropyrimidines and may clarify the molecular basis for response (49) .
Elucidating the molecular basis responsible for abscopal effects has been complicated by conflicting reports in the literature, suggesting that abscopal XRT can have either proliferative or antiproliferative effects in tumor cells outside the field of irradiation. Proliferative effects have been attributed to an induction of matrix metalloproteinases, growth factors, or up-regulation of the c-Met pathway in pancreatic cancer cells, which promote the malignant and proliferative phenotype of pancreatic cancer (14, 17) . Antiproliferative effects have been suggested to occur by local irradiation causing a cytokinemediated antitumor effect (13) . Unfortunately, the small number of clinical reports describing abscopal effects in patients remains primarily descriptive (12, 13, 50 ). In the current study, XRT showed proliferative effects on distant xenografts outside the field of irradiation and may be the basis for the observed increase in sensitivity following administration of capecitabine because antineoplastics have been shown to be more effective in actively dividing cells.
The current study suggests a potentially efficacious trimodality regimen for the treatment of pancreatic adenocarcinoma where synergistic antiproliferative efficacy was shown in irradiated xenografts with coadministration of capecitabine. This combination was further improved following the addition of celecoxib. However, molecular analysis suggests that efficacy cannot be predicted solely from previously identified indicators of response, including thymidine phosphorylase and dihydropyrimidine dehydrogenase. Interestingly, in xenografts outside the field of irradiation, abscopal effects were observed where (a) increased proliferation was shown in the absence of capecitabine and (b) synergistic antitumor efficacy occurred following capecitabine administration (which was also improved with celecoxib). These studies suggest that celecoxib may improve outcome in ongoing clinical trials examining capecitabine with concurrent XRT (20) .
Altogether, these results have implications in the rational design of treatment paradigms for pancreatic adenocarcinoma where abscopal effects remain largely unknown and metastatic disease is prevalent.
